We have identified the effects of oligonol, a low-molecular polyphenol derived from lychee fruit, on diabetes-induced pancreatic damage via oxidative stress. Oligonol was orally administered at 10 or 20 mg (kg d) −1 for 10 days to streptozotocin (STZ)-induced diabetic rats, and we assessed the changes in the serum glucose and insulin levels, as well as those of body weight and food and water consumption. In addition, analyses of the weight, insulin content, reactive oxygen species (ROS) level, and western blots of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-4 (Nox-4), p22 (PDX-1) and cyclin E were also performed in the pancreas. However, these unfavorable outcomes under diabetes were reversed by oligonol administration. Oligonol treatment led to significantly attenuated histological damage in the pancreas. In conclusion, this study suggests that oligonol protects the pancreas from Bax and PDX-1 via oxidative stress for the prevention or delaying of diabetes mellitus.
Introduction
The two main forms of diabetes are types 1 and 2.
1 Both types are characterized by progressive β-cell failure. Type 1 diabetes is mediated by an autoimmune mechanism that results in reactive oxygen species (ROS) generation in an inflammatory process and is characterized by the destruction of pancreatic β-cells. [2] [3] [4] The role of oxidative stress in the onset and progression of diabetes mellitus has been well-established. Therefore, diabetes represents an ideal candidate for studying the consequences of oxidative stress and its treatment.
Streptozotocin (STZ) is a nitrosourea analogue, preferentially taken up by pancreatic β-cells via the GLUT2 glucose transporter, and it causes DNA alkylation followed by the activation of poly-ADP ribosylation, leading to the depletion of the cytosolic concentration of NAD + and ATP. Enhanced ATP dephosphorylation after STZ treatment provides a substrate for xanthine oxidase, resulting in the formation of superoxide radicals. The NO moiety is liberated from STZ, leading to the destruction of β-cells by necrosis. 5 Hence, an STZ-induced experimental diabetic animal model was chosen for the present study. Natural extract products have recently attracted significant attention for the prevention and treatment of degenerative diseases. The lychee (Litchi chinensis, Sapindaceae), a subtropical fruit, is widely cultivated in Africa, Southeast Asia, China, Taiwan, Vietnam, and Japan. It is rich in polyphenols; Brat et al. 6 reported that its polyphenol content per edible part is second only to strawberries. A particular feature of lychee polyphenols is a phenolic product containing catechin-type monomers and oligomers of proanthocyanidins. 7 Proanthocyanidins are structurally characterized as polymers of catechin and have a high molecular weight. However, their absorption in the body is low when administered orally, and so their in vivo activity is not as high as expected. Moreover, proanthocyanidins with a high molecular weight are practically insoluble in water and have an astringent taste, binding to salivary proteins and mucous membranes in the mouth, 8 and making them difficult to use in the food industry. Tanaka et al. 9 were successful in converting high-into low-molecular-weight proanthocyanidin, which is utilizable in the food industry. These results support the capacity of oligonol to regulate the pathological conditions of chronic diseases, such as cancer, diabetes, cardiovascular diseases, and neurodegenerative disorders as well as age progression. Recently, we reported supporting evidence for their preventive and/or therapeutic potential in diabetes-induced hepatic and renal injury. [10] [11] [12] In this study, we explored the role of oligonol in ameliorating hyperglycemia-mediated oxidative damage to the pancreas in STZ-induced diabetic rats.
Materials and methods

Oligonol
Oligonol is produced by oligomerizing polyphenol polymers derived from lychee fruit. The safety of oligonol as a food or dietary supplement and as a pharmaceutical additive has been confirmed, as described previously. 7 Oligonol comprises of a polyphenol mixture of 16.0% monomers (including catechin) and 13.9% dimers (including procyanidin and catechin), whereas lychee fruit polyphenol comprises of a mixture of 6.4% monomers and 9.8% dimers. Oligonol is commercially available (Amino Up Chemical).
Chemicals and reagents
Protease inhibitor mixture solution and 10% neutral-buffered formalin were purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan). 2′,7′-Dichlorofluorescein diacetate (DCFH-DA) was purchased from Molecular Probes (Eugene, OR, USA). The pure nitrocellulose membrane was purchased from Bio-Rad Laboratories (Tokyo, Japan 
Animals and treatment
Six-week-old male Sprague-Dawley rats (180-200 g) were obtained from Daehan-Bio (Chungcheong, Korea). The room temperature and humidity were maintained automatically at about 25°C and 55%, respectively. All rats were allowed free access to laboratory pellet chow (CLEA Japan, Inc., Tokyo, Japan; comprising 24.0% protein, 3.5% lipids, and 60.5% carbohydrates) and water. After several days of adaptation, the rats were injected intraperitoneally with 50 mg per kg body weight STZ in 10 mM citrate buffer at pH 4.5. The blood glucose level was determined and the body weight was measured 10 days after the injection, and to avoid any intergroup differences in these indices, the rats were divided into three experimental groups: group 1, diabetic rats received water (n = 5); groups 2 and 3, diabetic rats received 10 or 20 mg per kg body weight per day of oligonol (n = 5, each) orally through gavage once a day, respectively. The administration dose and duration were determined based on other reports. [10] [11] [12] The rats that underwent a sham injection of citrate buffer without STZ were also used as a non-diabetic group (n = 5). After 10 days of treatment, blood samples were obtained from the abdominal aorta under pentobarbital anesthesia (50 mg kg −1 , intraperitoneally), and serum was prepared by centrifugation. Subsequently, each rat was perfused with ice-cold physiological saline, and then the pancreas was harvested. The pancreas was divided into two parts. One part was placed in 10% neutral buffered formalin for immunohistochemical analysis and the other one was snap-frozen in liquid nitrogen for ROS and western blot analyses.
Measurement of glucose and insulin in the serum
Serum glucose was determined using a commercial kit (Glucose CII-Test from Wako Pure Chemical Industries, Ltd, Osaka, Japan). The serum insulin (Morinaga Institute of Biological Science, Yokohama, Japan) level was estimated based on enzyme-linked immunosorbent assays.
Determination of ROS generation in the pancreas
ROS generation was measured employing the method of Ali et al. 13 Pancreatic tissues were homogenized on ice with 1 mM EDTA-50 mM sodium phosphate buffer ( pH 7.4), and then 25 mM DCFH-DA was added to the homogenates. After incubation for 30 min, the changes in fluorescence values were determined at an excitation wavelength of 486 nm and an emission wavelength of 530 nm.
Protein extraction and immunoblotting analyses
Protein extraction was carried out according to the method of Yamabe et al.
14 Briefly, pancreatic tissue was homogenized with ice-cold lysis buffer, pH 7.5, containing 137 mM NaCl, 20 mM Tris-HCl, 1% Tween 20, 10% glycerol, 1 mM PMSF, and protease inhibitor mixture solution. Samples were then centrifuged at 3000g for 10 min at 4°C. To ensure equal loading of the lanes, the protein concentration of each tissue was determined using a Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL, USA) and then immunoblotting was carried out. For the determination of insulin, Nox-4, p22 phox , p47 phox , p-JNK, Bax, cytochrome c, caspase 3, PDX-1, cyclin E, and β-actin, each sample (10 μg of protein) was electrophoresed through 8-15% sodium dodecylsulfate polyacrylamide gel. The separated proteins were electrophoretically transferred to a nitrocellulose membrane, blocked with 5% (w/v) skim milk solution for 1 h, and then incubated with their corresponding primary anti-antibodies overnight at 4°C. After the blots were washed, they were incubated with goat anti-rabbit and/or goat anti-mouse IgG HRP-conjugated secondary antibodies for 90 min at room temperature. Each antigen-antibody complex was visualized using ECL western blotting detection reagents and detected by chemiluminescence with Sensi-Q2000 Chemidoc (Lugen Sci Co., Ltd, Seoul, Korea). Band densities were measured using ATTO Densitograph Software (ATTO Corporation, Tokyo, Japan) and quantified as the ratio to β-actin. The protein levels of the groups are expressed relative to those of non-diabetic rats (represented as 1).
Histological examination
The excised parts of pancreatic tissue were fixed immediately in 10% neutral-buffered formalin and embedded in paraffin. Paraffin sections were cut and stained with hematoxylin-eosin (HE) prior to optical microscopy examination. 
Results
Biochemical analyses
During the 10 days of the experimental period, non-diabetic rats showed a significantly higher body weight gain than diabetic control rats, but the oral administration of 10 or 20 mg per kg oligonol did not affect body weight changes in diabetic rats. The pancreatic weight in the diabetic control rats was 1.91 times higher than that in the non-diabetic rats, but was reduced slightly in the rats administered oligonol at an oral dose of 20 mg kg −1 . The diabetic control rats showed an increased food and water intake compared with non-diabetic rats. There was, however, no significant reduction in these parameters on the administration of oligonol, as shown in Table 1 .
Serum glucose and insulin levels
As shown in Table 2 , diabetic control rats maintained a level of about 410 mg dL −1 , while non-diabetic rats showed a level of around 130 mg dL −1 ; however, oligonol-administered groups showed a decrease in this level dose-dependently. On the other hand, diabetic control rats showed a marked decrease in the serum insulin level, but the oral administration of oligonol at 10 or 20 mg kg −1 suppressed this decrease.
Insulin content in the pancreas
The insulin content of diabetic control rats decreased to 15% of that of the non-diabetic rats, but oligonol administration Data are expressed as mean ± SEM. Significance: *p < 0.001 vs. vehicle-treated diabetic rat values. ameliorated the level dose-dependently, and the 20 mg per kg oligonol-treated group showed a significant increase (Fig. 1). 
ROS level in the pancreas
As shown in Fig. 2 , the diabetic control rats had a significantly higher level of ROS in the pancreas than the non-diabetic rats. This elevation was significantly attenuated by the administration of 10 or 20 mg per kg oligonol.
Nox-4, p22
phox , and p47 phox protein expressions in the pancreas
The protein expressions of NADPH oxidase subunits (except p47 phox ) were significantly elevated in diabetic control rats compared with non-diabetic rats, as shown in Fig. 3 . However, the oligonol-treated groups showed a reduction in expressions, and there was a significant decrease in Nox-4 and p22 phox expressions in rats treated with 20 mg per kg oligonol ( Fig. 3A  and B ). In addition, oligonol administration markedly reduced p47 phox expression in a dose-dependent manner (Fig. 3C ).
p-JNK protein expression in the pancreas
The expression level of the p-JNK protein was enhanced in the pancreas of diabetic control rats, as compared to the nondiabetic rats (Fig. 4) . The oral administration of 20 mg per kg oligonol to diabetic rats significantly decreased this enhanced expression of p-JNK.
Apoptosis-related protein expressions in the pancreas
As shown in Fig. 5 , the expression of apoptosis-related proteins such as Bax, cytochrome c, and caspase 3 was significantly higher in the diabetic control rats, as compared to nondiabetic rats. The increased apoptotic protein expressions were decreased significantly in the diabetic rats treated with 20 mg per kg oligonol.
Proliferation-related protein expressions in the pancreas
The protein expressions of PDX-1 and cyclin E were significantly lower in the diabetic control compared with nondiabetic rats. The oligonol-treated group showed a significant up-regulation of PDX-1 (Fig. 6A) but not cyclin E compared with diabetic control rats (Fig. 6B ).
Histology
Fig . 7 shows the results of histological examination using HE staining, which detects pancreatic cell damage. The level of cellular damage, such as necrotic changes, karyolysis and severe reduction of β-cells, was higher in the pancreas of diabetic control rats than in those of non-diabetic rats. However, these histological studies demonstrated that the administration of oligonol had a significant protective effect against these lesions.
Discussion
The pancreas is a complex of exocrine and endocrine glands that controls many homeostatic functions. In the development of type 1 diabetes, chronic hyperglycemia can exert deleterious effects on β-cell function, 15, 16 and the mechanisms of glucotoxicity involve several transcriptional factors and are, at least in part, mediated by the generation of chronic oxidative stress. 17, 18 β-Cell dysfunction caused by glucotoxicity has been reported to be potentially reversible with the restoration of metabolic control. 19 Therefore, an effective remedy to attenuate the decline in pancreatic function by suppressing oxidative stress with the restoration of glucose metabolism may help to prevent the development of diabetic complications, while attempts to stimulate insulin secretion and improve insulin action with drug therapies are temporarily helpful but, in fact, are ultimately unable to prevent progressive β-cell dysfunction. Phenolic compounds are phytochemicals widely distributed in the human diet through the intake of plant-derived products that are abundant in fruit, vegetables, cereals, cocoa derivatives, and nuts, as well as in beverages such as tea, coffee, soy milk, and red wine. [20] [21] [22] These phenolic compounds are the most beneficial antioxidants in the human diet. 23 Many studies have discovered that the intake of natural antioxidants is correlated with a low occurrence of cancer, heart disease, diabetes, and age-related diseases, but there are still controversial opinions. [24] [25] [26] Oligonol is a new dietary phenolic product derived from lychee fruit polyphenols containing catechin-type monomers and low-molecular-weight oligomers. 7 In recent studies, accumulating evidence has demonstrated that oligonol can exert its physiological and biochemical effects, such as anticancer, antioxidant, anti-inflammation, and antiobesity effects, in vitro and in vivo. 7, [27] [28] [29] However, the effects of oligonol on apoptosis and proliferation linked to oxidative stress damage and the development of pancreatic disorders have not been investigated. In this study, we assessed the protective effects of oligonol against diabetes by investigating pinpointing markers in the serum and pancreas of STZ-induced diabetic rats, thereby highlighting oligonol as a promising anti-diabetic agent for type 1 diabetes. The destruction of β-cells and disorder of insulin secretion in the diabetic state cause physico-metabolic abnormalities such as a decrease in body weight gain and an increase in the pancreatic weight, food intake, and water intake. The STZinduced diabetic rats in this study also showed these changes. However, the administration of oligonol slightly, not significantly, decreased these diabetes-induced physiological changes, but led to a decrease in the pancreatic weight.
A number of mechanisms contribute to the development of pancreatic disorders, that is, glucotoxicity, oxidative stress, advanced glycation end-product accumulation, fibrogenesis, and cytokine production. 30 Recently, several sources have been emphasized as being major contributors to ROS production. ROS play an important role in insulin resistance and pancreatic β-cell dysfunction, a highly prevalent condition implicated in the development of diabetes. [31] [32] [33] Under diabetic conditions, hyperglycemia may induce large amounts of ROS that are responsible for the progressive dysfunction of β-cells, worsening insulin resistance and further promoting relative insulin deficiency. 34 β-Cells, in particular, are very sensitive to ROS because they are low in free radical quenching (antioxidant) enzymes. 35 The ROS formed may also indirectly damage cells by activating a variety of stress-sensitive intracellular signaling pathways, including nuclear factor-κB and mitogen-activated protein kinase. In the present study, oligonol administration suppressed pancreatic ROS, and also NADPH oxidase subunits and p-JNK as oxidative stress-related proteins.
JNK is involved not only in the inhibition of insulin secretion but also in the loss of pancreatic β-cells induced by proinflammatory stimuli. 36, 37 JNK also participates in pancreatic β-cell death. Apoptosis, the main cause of β-cell death at the onset of type 1 diabetes, is a highly regulated process, activated and/or modified by extracellular signals, intracellular ATP levels, phosphorylation cascades, and the expression of pro-and anti-apoptotic genes. 38 It has been accepted that apoptosis plays an important role in different types of environmental stimulator-induced cell deaths. In mammalian cells, there are two major apoptotic pathways: the death-receptor pathway (extrinsic death pathways) and mitochondrial pathway (intrinsic pathways). 39 The intrinsic death pathway involves the mitochondrial release of apoptotic proteins, such as p53, Bcl-2, Bax, and cytochrome c. [40] [41] [42] [43] Apoptotic protein caspase 3 is the key effector and could be activated through mitochondria-dependent Fas/FasL-mediated pathways. In this study, the administration of oligonol to diabetic rats significantly suppressed protein expressions of Bax, cytochrome c, and caspase 3, indicating that oligonol protected against mitochondrial dysfunction through the suppression of apoptotic proteins in pancreatic tissue. PDX-1 is a homeodomain-containing transcription factor that plays a pivotal role in the development and differentiation of the pancreas. This transcription factor is predominantly expressed in β-cells of the islets, where it directly or indirectly regulates the expression of insulin transcription through the formation of a complex with transcriptional coactivators on the proximal insulin promoter. 44, 45 Moreover, cyclin E is a member of the cyclin family. Cyclin E binds to G 1 phase Cdk2, which is required for the transition from the G 1 to S phase of the cell cycle that determines cell division. 46 Because of the well-documented importance of PDX-1 and cyclin E in mediating cellular proliferation, we performed western blot analyses of the proliferation-related protein expression in pancreatic tissue. In this study, STZ-induced diabetic rats showed downregulated protein expressions of PDX-1 and cyclin E. In contrast, the oral administration of oligonol significantly increased the level of the PDX-1 protein, whereas the cyclin E protein level showed a slight change with oligonol. These results indicated that the administration of oligonol effectively ameliorated pancreatic proliferation and insulin gene expression in diabetic rats by modulating the PDX-1 (Fig. 8 ).
In conclusion, diabetic rats showed increased pancreatic damage associated with the expression of JNK pathway-derived apoptotic genes (Bax, cytochrome c, and caspase 3) and cellular proliferation-related transcription factor (PDX-1). However, these unfavorable outcomes were reversed by oligonol administration to diabetic rats. The oligonol treatment of diabetic rats led to significant attenuations of hyperglycemia, insulin levels in the serum and pancreas, and histological damage of the pancreas. We, therefore, believe that oligonol is a promising dietary supplement for the prevention or delaying of diabetes mellitus. 
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